Introduction
Mode division multiplexing (MDM) has recently been demonstrated as an efficient mean to increase the communication capacity of single optical fibers in telecommunication systems [1] [2] [3] . This technology is also promising in order to increase the capacity of silicon data busses for on-chip optical interconnections [4] [5] [6] [7] [8] [9] [10] . MDM may be used to enhance the throughput of the interconnections while limiting the number of required optical sources [4] , whose integration onto the silicon platform is still the object of investigations. In future wavelength division multiplexing (WDM) networks, wavelength conversion has been foreseen as an essential functionality [11] . Similarly, in MDM systems also exploiting the wavelength dimension, being able to perform wavelength conversion of the channels would offer new degrees of freedom for the implementation of both fiber and on-chip networks. In this context, intermodal nonlinear interactions in highly-nonlinear fibers (HNLFs) have been recently investigated [12] [13] [14] , while mode-selective wavelength conversion, which is an important functionality, has not been reported yet.
We have recently proposed and demonstrated a novel all-optical (spatial) mode-selective wavelength conversion based on four-wave mixing (FWM) in a multimode silicon waveguide [15] . In this article, we provide more details on the design and theoretical analysis of the scheme. A tapered directional coupler (DC) based TE 0 &TE 1 mode multiplexer is utilized to couple two input channels to two spatial modes of the multimode silicon waveguide. By matching the spatial mode of the pump with that of the signal, idlers are generated from each channel on different modes, and consequently output to different demultiplexing ports. The scheme relies on dispersion engineering of the waveguide, resulting in a strong phase mismatch when the pump and signal are carried on different modes. System experiments are performed to demonstrate the concept using carrier-suppressed return-to-zero (CSRZ) signals at 40 Gbit/s. The experimental results show clear eye diagrams and 1.3 dB and 2.8 dB power penalty for the conversion of each mode taken individually, as well as 2.4 dB and 4.9 dB excess conversion penalty when both signal modes co-propagate in the waveguide.
This article is organized as follows. The principle of mode-selective wavelength conversion and the impact of the phase-mismatch between the different spatial modes are presented in Section 2, together with numerical simulations of the process. Section 3 describes the fabricated multimode silicon waveguide while Section 4 reports the results of modeselective wavelength conversion experiments at 40 Gbit/s. Finally, the work is concluded in Section 5.
Principle and simulation
The principle of on-chip mode-selective wavelength conversion is schematically shown in Fig. 1 . Two signal channels, CH 1 and CH 2 , are multiplexed to a single multimode silicon waveguide on mode 1 and 2, respectively. If the pump light is input from the same port as CH 1 , it will be coupled to mode 1 in the multimode silicon waveguide, generating a strong idler from CH 1 on the same mode by FWM. On the other hand, if the pump light is input from the same port as CH 2 , it will be coupled to mode 2 in the multimode waveguide, generating a strong idler from CH 2 on that mode. The generated idlers will be output to different demultiplexing ports depending on their mode, where they can be spectrally filtered out and detected. The selective FWM process depends on the phase matching conditions between the interacting waves on the different modes, which are determined by the dispersive properties of the waveguide. Changing the waveguide geometry enables tailoring its dispersion properties [16] . Figure 2 shows the second-order dispersion β 2 for both TE 0 and TE 1 modes of a ridge silicon-on-insulator (SOI) waveguide of height H = 250 nm and different widths calculated by a vectorial finite difference (FD) mode solver [17] . The corresponding phase mismatches for FWM within the TE 0 mode (i.e. where pump, signal and idler are all on the TE 0 mode), FWM within the TE 1 mode, and cross-mode FWM with pump light placed at 1551.7 nm are shown as a function of the signal wavelength in Fig. 3 . The phase mismatch parameter is defined as Δβ = β signal + β idler -2β pump , where β signal , β idler and β pump are the propagation constants of the signal, idler and pump, respectively. In order to achieve a high conversion efficiency for wavelength conversion within both the TE 0 and TE 1 mode, one needs to tailor the dispersion of the multimode silicon waveguide so that the phase mismatch around 1550 nm for those two modes is as small as possible. In addition, the waveguide should maintain a small dimension to increase the optical confinement. In the meantime, in order to keep a low conversion efficiency between the TE 0 and TE 1 modes, a large phase mismatch should be achieved [14] . One can find that, for widths larger than 750 nm, the phase mismatch between the TE 0 and TE 1 modes decreases. On the other hand, for widths smaller than 750 nm, the phase mismatch increases dramatically for both TE 0 and TE 1 modes. As a result, a waveguide width of 750 nm is selected.
FWM in the multimode silicon waveguide is further simulated. Multiple-mode propagation in a nonlinear medium can be described by a multimode nonlinear Schrödinger equation (MM-NLSE) as follows [18] ( )
where A p is the electric field envelope of mode p. β n (p) is the n th -order dispersion parameter of mode p at frequency ω 0 . β 0 * and 1/β 1 * are free parameters, which are chosen to be the propagation constant and first order dispersion of the pump light in the TE 0 mode. , 1222 ) . In the simulations, the Raman response and self-steepening effect are neglected. The effect of two photon absorption (TPA) is also neglected in the simulations. Considering that the TE 1 mode has a stronger energy distribution on the sidewalls of the ridge, the propagation losses for the TE 0 and TE 1 modes are selected to be 4 dB/cm and 8 dB/cm, respectively. In addition, the nonlinear refractive index n 2 is selected to be 6.3 × 10 −18 m 2 /W. The MM-NLSE Eq. (1) is numerically solved by the split step Fourier method [19] . In order to achieve a higher peak power for a given average power and improve the conversion efficiency, the pump light at 1551.7 nm is modulated at 40 Gbit/s in the CSRZ format while the signal light is a continuous wave (CW) at 1554.47 nm. Accordingly, the dispersion parameters are chosen as β 0 light. Therefore our proposed concept of mode-selective wavelength conversion has been validated by numerical simulations.
Device fabrication and characterization
In order to experimentally validate our proposal, an on-chip two-mode division multiplexing circuit with 4 mm long straight multimode silicon waveguide [7] , as schematically shown in Fig. 5(a) , was fabricated on a SOI wafer (top silicon layer: 250 nm, buried silicon dioxide layer: 1 μm). Tapered DCs are used as TE 0 &TE 1 mode (de)multiplexers thanks to their simple structure and larger fabrication tolerance than normal DCs [7, 20] . Fully etched apodized grating couplers [21] are used as input and output ports. A single step of E-beam lithography and inductively coupled plasma reactive ion etching (ICP-RIE) was used for the fabrication. Signals fed to input ports  and , which consist of single-mode TE 0 waveguides, are coupled to the TE 1 and TE 0 modes in the multimode waveguide, respectively, and output from different demultiplexing ports on the TE 0 mode. In the tapered DC, the 350 nm wide narrow waveguide is coupled to the wide waveguide, which is tapered from 750 nm to 850 nm with tapering length of 30 µm and coupling gap of 100 nm, as shown in Fig. 5(b) . The width of the output of the mode multiplexer (850 nm) is then tapered to 750 nm to match the width of the nonlinear multimode silicon waveguide, as illustrated in Fig. 5(c) . In order to accommodate a high input light power, fully etched apodized grating couplers, which are based on photonic crystal structures, as shown in Fig. 5(d) , were utilized to couple light to and from the chip. The total insertion losses are 11 dB and 14 dB between input/output / and /, respectively, with mode crosstalk around −15 dB and −12 dB at 1550 nm, as shown in Fig. 6 . Note that the insertion losses include the coupling losses to standard single mode fibers (SSMFs) of the grating couplers, as well as the insertion losses of the multiplexer and demultiplexer and the propagation losses of the multimode waveguide. About 3 dB higher insertion loss is measured for CH 1 because of the larger multiplexing loss and propagation loss of the TE 1 mode compared to that of the TE 0 mode. 
System experiment
The fabricated chip was used to demonstrate mode-selective wavelength conversion with CSRZ signals at 40 Gbit/s. Figure 7 shows the experimental setup. Pump light at wavelength λ 1 = 1551.74 nm is modulated at 40 Gbit/s in the CSRZ format in two cascaded MachZehnder modulators with a pseudo-random binary pattern length of 2 31 −1, and then amplified afterward by an erbium-doped fiber amplifier (EDFA). In our demonstration, modulation is imposed onto the pump in order to achieve a higher FWM conversion efficiency. The pump light is then split into two tributaries, each being amplified again by an EDFA and filtered out by an optical bandpass filter (OBPF) for out-of-band noise suppression. A length of 1 km SSMF is used to de-correlate the two pump tributaries. Polarization controllers (PCs) are introduced for each pump tributary to adjust its state of polarization to the TE 0 mode of each input waveguide. Signal light at wavelength λ 2 = 1554.47 nm is also amplified by an EDFA and split into two tributaries with a PC introduced for each tributary in order to excite the TE 0 mode of the input waveguides. Each tributary of pump and signal light are combined by a 3 dB coupler and injected into the silicon chip for FWM. The pump and signal powers input to the chip are about 25 dBm and 12 dBm, resulting in estimated pump and signal powers of about 22 dBm and 9 dBm, respectively, at the input of the nonlinear silicon multimode waveguide. The generated idlers on the TE 0 and TE 1 modes are demultiplexed to different output ports and filtered out by an OBPF, and finally detected in a pre-amplified receiver. Figures 8(a) and 8(b) show the measured FWM spectra at output ports  and , respectively, when the pump light is input from input ports  and , respectively, and the signal is input at either port  or port . Crosstalk induced by residual FWM (pump light is input from input port  and , signal light is input from input port  and , and detected at output port  and , respectively), which is caused by leakage light in the TE 0 &TE 1 mode multiplexer, is also represented. Strong FWM is obtained when signal and pump lights are injected into the same multiplexing port. Meanwhile, very weak residual FWM is obtained if pump and signals are input from different multiplexing ports. The modal crosstalk on the idlers is better than 20 dB for both modes. The modal crosstalk is contributed by the multiplexer, where signal light input to the port that is different from the one where the pump is injected leaks to the same mode as the pump light in the multimode waveguide. Figure 9 shows the results of bit-error-ratio (BER) measurements performed for the two idlers obtained at output port  (corresponding to idler on the TE 1 mode) or output port  (corresponding to idler on the TE 0 mode) when pump and signal light are simultaneously input from input port  or input port , respectively (i.e. in the absence of modal crosstalk), as well as when signals are simultaneously input to ports  and  (i.e. in the presence of crosstalk). The corresponding eye-diagrams are also shown in the figure. Clear eye-diagrams are obtained for the idlers with and without crosstalk. In the absence of crosstalk, power penalties of 1.3 dB and 2.8 dB compared to the back-to-back case are obtained for the idlers output from port  and , respectively. An extra 2.4 dB and 4.9 dB power penalties are obtained with crosstalk, respectively.
Conclusions
We have successfully demonstrated on-chip mode-selective wavelength conversion based on FWM in a multimode silicon waveguide using a two-mode division multiplexing circuit. Mode-selectivity is realized by launching pump light on different spatial modes, resulting in good phase matching, hence high conversion efficiency, when the modes of the pump and signal coincide. In contrast a large phase mismatch is obtained when the pump and signal are supported by different spatial modes, resulting in poor conversion efficiency. Experimental results show clear eye diagrams for conversion of the two modes with and without crosstalk and power penalties of 1.3 dB and 2.8 dB for the conversion of each mode taken individually, as well as 2.4 dB and 4.9 dB excess conversion penalty with crosstalk. The method could possibly be extended to a larger number of modes, provided the multimode silicon waveguide remains sufficiently nonlinear and optimum phase matching conditions can be found in order to scale intra-and inter-modal FWM.
